In slow roll inflation, the running of the spectral tilt is generically proportional to the square of the deviation from scale invariance, αs ∝ (ns − 1) 2 , and it is therefore currently undetectable. We present a mechanism able to generate a much larger running within slow roll. The mechanism is based on a curvaton field with a large mass term, and a time evolving normalization. This may happen for instance to the angular direction of a complex field in presence of an evolving radial direction. At the price of a single tuning between the mass term and the rate of change of the normalization, the curvaton can be made effectively light at the CMB scales, giving a spectral tilt in agreement with observations. The lightness is not preserved at later times, resulting in a detectable running of the spectral tilt. This mechanism shows that fields with a large mass term do not necessarily decouple from the inflationary physics, and provides a new tool for model building in inflation.
I. INTRODUCTION
Observations strongly suggest indicate that the spectrum of primordial curvature fluctuations has an almost scale invariant, nearly Gaussian distribution. The simplest set-up that explains these features is single-field, slow-roll inflation with canonical kinetic terms. In this scenario, a light scalar field slowly rolling on a potential induces a phase of cosmological acceleration (see [1] for a review). While the simplest inflationary set-ups based on a single field provide a good fit to observations, well motivated extensions of the minimal models exist, for example including additional scalar fields that participate to the inflationary dynamics as in multiple field inflation [2] , or scalars that acquire a non-trivial, interesting dynamics only after inflation ends, as in the curvaton mechanism [3] [4] [5] [6] .
The power spectrum P of the primordial perturbations that caused the observed CMB anisotropies is nearly scale invariant. Using the Taylor expansion
around the pivot scale k 0 = 0.05Mpc −1 , the Planck mission, supplemented with the 9-year WMAP polarization data (WP), obtained [7] n s − 1 = −0.0397 ± 0.009 , α s = −0.013 ± 0.009 , (68%CL, Planck + WP) ,
The parameter α s is conventionally called the running of the spectral tilt [8] , since α s (k) = dns(k) dlnk . Consider a conventional curvaton mechanisms, in which the isocurvature fluctuations of a test field during inflation (namely, a field which gives a negligible contribution to the expansion) are converted into curvature pertubations after inflation ends. A scalar massless field in de Sitter spacetime has a scale invariant power spectrum. This is not the case for a field of mass m in an inflationary background, where the Hubble rate H varies according to the slow roll relation = −Ḣ H 2 1. 
leading to a spectral tilt n s − 1 = O m 2 eff
H 2 , . Therefore, in generic curvaton models, the fact that the observed cosmological perturbations are nearly scale invariant indicates that the inflationary expansion was close to de Sitter, 1, and that the field was light, m 2 H 2 . The effective mass of the perturbations varies because of the last term in the square parenthesis of (4) , and because of the O 2 terms, giving rise to running of the spectral tilt. Eq. (4) shows that in generic curvaton models this variation is at most of O 
An analogous conclusion is reached in models of single field inflation. In this case,
where we introduce the slow roll parameters
(7) (we denote with a comma the derivative of a function with respect to its argument). In generic models, the third slow roll parameter is small, and again the prediction (5) is obtained [9] .
Some past observational results have been in slight tension with this estimate. For instance, the first WMAP release gave [10] α s = −0.031
+0.016
−0.018 , and, more recently, the SPT high-CMB data gave [11] α s = −0.024 ± 0.011 (SPT + WMAP7) and α s = −0.028 ± 0.010 (using also BAO and H 0 measurements). Although in agreement with the α s = O (n s − 1) 2 prediction, the Planck result (2) is not conclusive on this regard, since it is also statistically compatible with the SPT measurement. Therefore, if future measurements will again provide an indication for α s = O (−0.01) and statistically incompatible with zero, they will pose a serious challenge on standard inflationary models. See [12] for a comprehensive analysis of how future large scale structure or 21 cm observations can lower current bounds on α s to the region |α s | ≤ 10 −3 , in absence of detection. In single field inflation, without the third derivative term ξ 2 V , the observed spectral tilt n s − 1 −0.04 is incompatible with α s < ∼ −0.01. Besides being hard to motivate, it is difficult to preserve a large third derivative, while keeping the first two small, for a sufficiently long duration of inflation [9, 13] , so that the models that achieve a large running have potentials with some bump-like feature or superimposed oscillations [9, [14] [15] [16] [17] , or possess some peculiar aspects beyond standard scenarios [18] [19] [20] [21] [22] .
In curvaton models, the above estimate
could be compatible with a running of first order in slow roll if m was of order H. However, as commented after eq. (4), this would lead to an unacceptable value for n s . In this work we show that m ≥ H is possible if the curvaton Lagrangian has a non-standard normalization. Specifically, let us consider the case in which the curvaton has a time-dependent normalization that we encode in an overall function that multiplies the curvaton Lagrangian: N 2 (t) L curv , and that a mass term m 2 σ 2 is present 2 in L curv . This model can lead to a scale invariant spectrum for any value of m (hence even for m H), provided that N (t) has a suitable time evolution. Once we canonically normalize the curvaton field, a new term, related to the rate of change of the normalization,Ṅ N , appears in the dispersion relation of the curvaton perturbations, and the total m 2 eff can be tuned to a sufficiently small value by canceling this new term against those appearing in (4). In the specific model that we will consider,Ṅ N ∝ H, and this quantity varies at first order in slow roll. On the other hand, the mass term m in the curvaton Lagrangian is a constant. Therefore, the tuning that sets m eff to the value required by n s − 1 0.04 cannot work at all scales. This naturally introduces a running of the spectral tilt which is of the first order in slow roll, and which therefore can be much larger than the prediction (5).
Rather than introducing an unspecified external function of time, we can assume that N is actually a function of the inflaton, given that the latter acts as a clock during inflation. This introduces a direct coupling between the inflaton and the curvaton perturbations. We study the conditions for which the effect of such couplings is suppressed, so that only the inflaton zero mode dynamics affects the perturbations of the curvaton through the time evolution of N .
From a theoretical perspective, our system shows that fields with a very large mass term do not necessarily decouple during inflation, and can play an active and distinctive role for the generation of an almost scale invariant spectrum of curvature fluctuations, if they are appropriately coupled to other degrees of freedom (as those controlling the time dependent normalization N in our example).
2 With 'mass term' of a field we refer to the second derivative of the potential for canonically normalized fields computed on a static background. Note that this definition, including the requirement of a static background, is consistent with the standard meaning of mass. One could alternatively denote the mass from the dispersion relation of the canonically normalized variable in the k → 0 limit. If we did so, we would conclude from eq. (3) that a field with m = 0 and N = 1 has the tachyonic mass ∼ −2 H 2 on a (quasi)-de Sitter, non static, background. A field with m = 0 and N = 1 is typically denoted as massless, and our choice of denoting as mass term the second derivative of the potential in a static background is consistent with this.
This model also helps reformulating the naturalness problem in inflation. While it is usually assumed that a necessary condition for the generation of a scale-invariant power spectrum during inflation is the presence of a scalar field with a small mass term, in the present scenario it is possible to obtain scale invariance even for a curved potential by appropriately tuning the coupling of the inflaton to the curvaton. Therefore the fine-tuning of the curvaton mass term to zero generalizes to a relation -given by eq. (12) below -involving the mass term of the curvaton and the coupling, measured by α, to the inflaton. Note that this implies that we are not solving the so-called η-problem, as we are not aware of any symmetry that can enforce the relation (12), but we are formulating it in a more general way.
Constructions of the form considered in this paper, where the Lagrangian of the curvaton is multiplied by a function of the inflaton, appear quite naturally in models where the inflaton is the radial part and the curvaton is the angular part of a complex field. We show this with an explicit example, featuring a model of broken U(1) symmetry 3 . Moreover, by a suitable change of frame, we show that our mechanism can be re-expressed in terms of a scalar field with time dependent mass and sound speed, embedded in an appropriately chosen FriedmannRobertson-Walker background.
Various recent works have studied interesting scenarios in which massive fields play a role to characterize the features of primordial fluctuations produced during inflation. For example, in the gelaton scenario [24] , a very massive scalar field is tightly coupled to the inflaton in such a way to reduce the inflaton effective sound speed and produce large non-Gaussianities of equilateral form in the inflaton sector. In quasi-single field inflationary models (see e.g. [25, 26] ), the interplay between the dynamics of inflaton and isocurvatons with Hubble mass can again lead to large non-Gaussian signatures in the inflaton fluctuations. In reference [27] it was shown that heavy fields can adjust their value as a response to the inflaton expectation value, effectively changing the shape of the inflaton potential. Our point of view is different, since we focus on the dynamics of the fluctuations of the isocurvature scalar field and their properties. In our scenario, the suitable time-dependent normalization renders the isocurvature field effectively massless during inflation (although it would have a large mass in a static background). As common in curvaton scenarios, we make the hypothesis that inflaton fluctuations have negligible amplitude and do not take part to the final curvature perturbations: hence, we will not be interested on possible non-Gaussian effects generated in the inflaton sector.
3 Also in the proposal of [23] the curvaton is the angular field of a U(1) symmetric model, and its perturbations are controlled by the evolution of the radial direction. In the model of [23] , however, the U(1) symmetry is unbroken, and therefore the curvaton is massless, during the epoch in which perturbations are generated.
The paper is organized as follows. In Section II we show how a massive field σ with a mass term m > H can obtain an almost scale invariant power spectrum if its normalization N (t) exhibits a suitable time evolution. In Section III we present a simple model in which N (t) is obtained through a coupling between σ and the inflaton field φ. This concrete model allow us to set some bounds on the mechanism, by requiring that the coupling (i) does not significantly affect the background inflaton evolution, (ii) does not modify the power spectrum of the primordial perturbations besides the effect related to N (t), and (iii) does not result in a too large non-Gaussianity. In Section IV we compute the running of the spectral tilt from this mechanism, showing that it can acquire a size much larger than in standard inflationary set-ups. In Section V we present the example of a possible realization of this mechanism in an inflationary set-up, and in Section VI we discuss how our system is equivalent to that of a field in a Universe with an arbitrary expansion law, provided it has an appropriate time evolution of its mass and its speed of sound. In Section VII we present our Conclusions.
II. A FIELD WITH A LARGE MASS TERM BUT SCALE INVARIANT FLUCTUATIONS
Let us consider a real scalar field σ with a mass term m ≥ H, where H is the Hubble rate during inflation 4 . For the sake of explaining our arguments in the simplest possible terms, we take H as constant in the computations of this Section, assuming that the slow roll parameter ≡ −Ḣ/H 2 is negligible. The impact of a sizable on this mechanism will be studied in Section IV.
The action for σ is
where the only difference from a theory of a free massive field is in the assumption that the Lagrangian of σ is multiplied by a time-dependent function N .
First of all, we show that a suitable time dependence of N results in a scale invariant spectrum for the perturbations of σ. Specifically, we assume that N scales as a power law of the scale factor a for at least the last 60 e-folds of inflation:
(with constant α) where the scale factor has been normalized such that a = 1 at the end of inflation. It is natural to try to ascribe the time dependence of (9) to the evolution of the inflaton, and we will do so in Section III. For the computations of this Section we can simply consider N as an external function of time.
We use conformal time τ , defined from the line element
, and we decompose
During inflation, the Fourier transform of the perturbations of χ obeys the equation
where we have used the fact that a = −1/(Hτ ), if the variation of H is negligible. See Section IV for the extension of this computation at first order in slow roll. The field χ is canonically normalized in (8): imposing that the mode field σ is in the adiabatic vacuum during the sub-horizon regime results in the early time solution
It is then straightforward to see that the perturbations of σ are scale-invariant in the superhorizon regime provided that
(12) Namely, a scale invariant spectrum can be obtained for an arbitrarily large mass, provided that the normalization N varies sufficiently fast; we find two branches of solutions, labeled with ± in eq. (12) . In a sense, an appropriate choice of N renders the field effectively massless. When eq. (12) holds, during inflation the mode functions of δχ have the same solution as those of a massless scalar field with constant normalization
If the field σ is responsible for the cosmological perturbations, its power cannot be precisely scale invariant, but it needs to agree with (2). The condition (12) needs therefore to be replaced by
(14) As we will discuss in Section IV, it is straightforward to extend this relation to the case of a slowly varying H, following the standard computations done for α = 0 (see for instance [28] ). We will learn that this leads to an interesting footprint for our scenario, namely a large running of the spectral tilt.
Equation (14) shows the change in the spectral tilt resulting from a change in α, and therefore indicates the width of the allowed interval for α compatible with the experimentally allowed range ∆n s . For large field mass we obtain ∆α α
This equation quantifies the fine-tuning in the mechanism, namely the accuracy to which α needs to be set to a given value to be compatible with data at a given scale. We see that the degree of fine tuning increases as m increases. The problem of preserving this tuning against radiative corrections is the manifestation in our mechanism of the so called η problem of inflationary cosmology.
In the remainder of this Section, to keep the algebra simple, we restrict our discussion to the scale invariant case (12) , but all our results can be straightforwardly extended to the case (14) .
During inflation, the background field χ (0) obeys an equation identical to (11) with k = 0. This results into
where C in an integration constant, and where we have disregarded the rapidly decaying solution χ (0) ∝ a −2 . For definiteness, we assume C > 0. In principle, the value for C could be determined only with the knowledge of the history of the universe before the final 60 e-folds of inflation. We do not commit ourselves to any specific scenario for this previous stage, but we rather study under which conditions on C our mechanism can work.
The energy density associated with (16) is
where T ν µ is the energy-momentum tensor associated with (8) . Namely, the specific evolution of N that provides a scale invariant spectrum of δχ also results in a constant background energy density for χ. By keeping C sufficiently small, we can impose that ρ
p , so that this energy density is negligible during inflation.
We have also to make sure that the energy in the perturbations does not exceed the energy in the background. To do so, we expand −T 0 0 to second order, dubbing the result as ρ (2) , and we quantize δχ according to
where the mode functions in the last expression are given by (13) , and where the operators satisfy the algebra
We then obtain the theoretical expectation value
The theoretical expectation value for the energy density is obtained by integrating this quantity over the modes that have left the horizon during inflation and have become classical. The integral is simple, as (19) is k−independent, and we simply obtain ρ (2) = πα (2α + 3) H 4 N e , where N e is the number of e-folds of inflation. This quantity is typically much smaller than the inflaton energy density 3H 2 M 2 p . The observable we eventually care about is the curvature perturbation after inflation, under the assumption that σ is the curvaton field responsible for it. It is conventional to compute the quantity ζ, which represents the curvature perturbation on uniform density hypersurfaces ζ. In spatially flat gauge (δg ij,scalar=0 , where g is the metric), each species i induces the curvature perturbation
i . The total curvature perturbation after inflation is then given by
where 'rad' denotes the contribution from the thermal bath formed when the inflaton decays, which we are assuming to take place well before the decay of the curvaton σ. Eq. (20) is actually valid after the decay of the inflaton and before that of σ. The ratio f is typically very small at the end of inflation, but it then becomes of order one provided the field σ is sufficiently long-lived. The perturbations in σ are given by
where the suffix − (+) indicates that the quantity is evaluated on super-horizon scales during (after) inflation. We note that the ratio is constant both during and after inflation. After inflation, σ is a standard massive scalar field, and both ρ
6 During inflation instead both these quantities are constant. The final equality in (21) is due to the fact that the detailed physics responsible for the transition in N does not affect the perturbation at super-horizon scales. It is therefore convenient to evaluate ζ σ on super-horizon scales during inflation.
Given that the energy of a massive field is ρ σ = m 2 σ 2 , the O δσ 2 contribution to the energy density induces a non-Gaussianity in ζ, even if δσ is by itself a Gaussian field. This non-Gaussianity is of the local shape, with the nonlinear parameter [29] :
where r is the value of the ratio f evaluated at the curvaton decay. The Planck limit on local non-Gaussianity [30] translates into r > ∼ 0.087 at 95%C.L.. The contribution (22) adds up to that induced by the 'intrinsic' nonGaussianity of the field σ. In Section III we will quantify this second contribution. Expanding −T 0 0 to first order, and using (10), (16) , and (21), we obtain (disregarding slow roll corrections)
where in the last expression we have used the superhorizon limit of eq. (13) . From this relation, we obtain the power spectrum for ζ σ at super-horizon scales
which is indeed constant. We assume that σ generates the observed primordial perturbation, namely that r ζ σ > (1 − r) ζ rad (cf. eq. (20)). We recall that ζ rad is the perturbation in the thermal bath formed at the decay of the inflaton field φ. Therefore, we can identify it with ζ φ , and assume the standard slow roll result for the latter. We therefore require that
(where we have assumed that both r and 1 − r are of order one). If this is the case, then ζ r ζ σ , and we can identify (24) with the observed power spectrum, which is subject to the COBE normalization P ζ 5 · 10 −5 2 . This gives
In concluding this Section, it is worth noting that despite the fact that N (t) changes by many orders of magnitude during inflation, all physical quantities like (17), (19) , and (24) are (nearly) constant during inflation. This has been achieved 'by construction', as the time dependence of N (t) balances against the effect of the heavy mass m > H. Nonetheless it is remarkable that no pathologies arise in (8) and that the theory remains under perturbative control. We note that, for any given value of m, the required condition (12) is solved by both positive and negative α. Positive α correspond to N 1 during inflation, while negative α correspond to N 1 during inflation. As long as the action for σ coincides with (8), both possibilities are acceptable. However, if the action contains some higher order σ−dependent terms that are not multiplied by appropriate powers of N , then if N 1 these terms would lead to unacceptably strong couplings during inflation. This is a standard strong coupling problem, which would, at the very least, drive the theory out of perturbative control. If this is the case, we restrict our attention to the α < 0 case, for which such additional terms are negligible during inflation.
III. REPLACING N (t) WITH N (φ)
In the previous Section we have treated N as a classical external function. In any sensible model, the value of N needs to be related to the expectation value of a quantum field φ. To keep the model minimal, we assume that the field φ is the inflaton. This allows us to obtain some model specific constraints on our mechanism. The action (8) is therefore extended to
The functional form of N can be related to that of the inflaton potential by reverse-engeneering [31, 32] :
To verify the scaling, let us differentiate (28) with respect to time. We obtain the exact relation
We can then make use of the slow roll relation
and obtain (for simplicity, we focus on the case of constant α)
We give these relations at first nontrivial order in slow roll, as this will be needed for the computations of Section IV. For the present considerations, we immediately see that the leading term in Ṅ gives the required scaling N ∝ a α .
Let us now move to discuss some physical consequences of the couplings between inflaton and curvaton. At the background level, the 00 Einstein equation and the inflaton equation of motion in the model read, respectively,
In the computations of the previous Section we have assumed that the curvaton contribution to the background evolution is negligible. This corresponds to imposing that the right hand side (RHS) of these equations is negligible. We impose that the RHS is much smaller than the dominant contributions on the left hand side (specifically, H 2 in the first equation, and 3Hφ in the second one). Using eqs. (10), (12), (16), and (28), we obtain, respectively,
The first condition corresponds to imposing that the energy density of σ is much smaller than that of the inflaton during inflation, and we have already commented on this after eq. (17) . The second condition instead arises from the specific mechanism that we are now considering, and it amounts in requiring that the motion of the inflaton is not modified by its coupling to σ. As 1, this second condition dominates over the first one. Loosely speaking, this indicates that it is easier for the coupling to modify the dynamics of the inflaton than that of the scale factor, since the former is slow roll suppressed with respect to the timescale H of the latter (in other words, the flatter the inflaton potential is, the more one should be concerned that the couplings of the inflaton to other fields affect the inflaton motion). Interestingly, we can rewrite this condition as (recall the definition of γ in eq. (25))
which is more stringent than (25) for α 1. Let us now study the perturbations in the model. In the previous Section, N was treated as an external function of time, and it only affected the curvature perturbations through the linearized equation (11) . Since N is now function of the inflaton, the perturbations δφ must also be taken into account. We keep the same working hypothesis that we had in the previous Section, namely we impose that the observed curvature perturbation is only due to that of the curvaton, ζ r ζ σ . However, the inflaton perturbation δφ modifies the final value of ζ σ through its coupling with δσ that is encoded in (27) .
The interactions are readily obtained by expanding N φ (0) + δφ in the action (27) . The dominant corrections to σ 2 and σ 3 are given by the diagrams shown in Figure 1 . Notice in particular the interaction corresponding to a mass insertion, that plays an important role in computing correlation functions. We perform the full calculation in Appendix A. We obtain ζ σ k1ζσ k2
where the first term in the two-point function is the free field result. In these relations, N CMB is the number of efolds before the end of inflation when the external modes left the horizon. As the N CMB dependence indicates, the inflaton perturbations continue to source the perturbations of σ all throughout the super-horizon regime. A growth with N CMB is also obtained in the model studied in [33] , where an analogous interaction is present between the inflaton and a vector field. For perturbation theory to be under control, the second term in ζ 2 needs to be subdominant with respect to the free term. This gives a further condition on γ:
which is more stringent than (25) and (34) . To summarize, the inflaton-curvaton interaction associated with the mass insertion provides a correction to the two-point function depending on α (that is, on the ratio m/H, see eq. (12)) and the total number of e-foldings. In order to make this correction negligible, we find the bound (36) on the ratio between inflaton and curvaton contributions to the curvature power spectrum. We can now estimate the amount of non-Gaussianity produced by the inflaton-curvaton interaction, associated with the second diagram in Fig. (1) . At face value, the bispectrum given in (35) is of the exact local shape. However, in both expression in (35) we have neglected terms that have the same parametric dependence as the terms that we have reported, but that are not enhanced by a factor N CMB . For brevity, we denote these terms as 'order one contributions' in this discussion (as opposed to the O (N CMB ) terms that we have written). In the three point function of (35) we have disregarded the difference between N CMB associated to different modes, as this difference is also an order one factor (namely, (1)). For this reason, the precise shape of the bispectrum cannot be obtained within our approximation. However, whatever the precise shape is, it is a smooth function of the momenta enhanced in the squeezed limit as the local template. Therefore, as a rough indication, we assume that the bispectrum in (35) is exact -and hence it is of the local shape -and we compare it with the bounds on local non-Gaussianity from Planck [30] .
It is standard to parametrize the local non-Gaussianity by the nonlinear parameter f NL , related to the bispectrum by
(the numerical factor in this relation depends on the 2π convention in (18) . See [34] for the details).
Under the assumption that ζ = r ζ σ , we obtain
where the inequality follows from the bound (36) . We see that this contribution is less important than (22) . Perhaps not surprisingly, the ratio between the contribution to f NL from the inflaton interaction and that of the free theory (namely, eq. (22)) is parametrically the same as the ratio between the contribution to the power spectrum from the inflaton interaction and that of the free theory. To conclude, in this Section we have presented a more complete version of the basic mechanism introduced in Section II, by identifying N with a function of the inflaton field. This introduces a direct coupling between the curvaton and the inflaton. In this Section we have shown that this interaction does not significantly modify the two-and three-point correlation function of the curvaton (and, presumably, also the higher point functions: see Appendix) provided that the condition (36) is satisfied. If this is the case, the main phenomenological results (22) and (24) of the previous Section continue to hold. In Section V we further characterize the mechanism by discussing how such an interaction can arise in some concrete models.
IV. AN OBSERVABLE RUNNING OF THE SPECTRAL TILT
The curvaton mode functions satisfy
This equation reduces to (11) at leading order in slow roll, namely for N ∝ a α andḢ = 0. We recall that the solutions of (11) exhibit a constant spectral tilt, see eq.
. We now show that a running of the spectral tilt appears at first order in slow roll. Specifically, we expand eq. (39) to first order in slow roll, under the assumptions that the two slow roll parameters and η are of comparable size. We also extend the parametrization of the mass term to first order in slow roll:
where H end is the value of the Hubble rate at the end of inflation, and where δ m is a constant that we will set below to reproduce the observed spectral tilt at the CMB scales. For simplicity, we consider the parameter α as constant (see however the discussion at the end of this section). We note that = V = constant to leading order in slow roll. Using expressions (31), (40), and the background solutions
the equation (39) acquires the form
where x ≡ −kτ .
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Notice that eq. (42) at zeroth order in slow roll reduces to the equation for the modes of a massless field in de Sitter background. This is because the parametrization (40) has been chosen to satisfy the condition (12) at zeroth order. We recall that the condition (12) expresses the fine-tuning necessary for a scale invariant spectrum in de Sitter background. This relation was replaced by (14) , to allow for a departure from exact scale invariance. In eq. (40) we have modified this condition by introducing a O ( ) contribution to the mass term. Below, we obtain the value of δ m that produces a spectral tilt in agreement with observations in the inflationary background. This is not an additional fine-tuning, since it replaces the fine-tuning constraint (14) .
The function F (x) in (42) encodes the first slow roll correction to the mode functions. The time dependence (39) . It is due to the fact that the mass term m is constant, while H is decreasing. Even if δ m in eq. (40) is tuned to reproduce the observed n s at the CMB scales, the increase of m 2 H 2 (t) with time causes the mass term to become progressively more relevant for the modes at progressively smaller scales, causing a running of the spectral tilt at first order in slow roll.
We can see all this from the explicit solution of eq. (42). We write this solution in the form
where δχ k,dS (x) is the de Sitter solution (13) . By introducting the primitive
it is easy to verify that the solution is given by
where the integration constants are chosen so that β(x) = β (x) = 0 at past infinity. The solution contributes at O ( ) to the curvaton power spectrum evaluated at the end of inflation
where the proportionality constants are k−independent. The two integrals in (45) can be straightforwardly computed, but the full expression is lengthy and not particularly illuminating. We are interested only in the subhorizon limit (x → 0 + ) of this solution, which, once inserted into (46), gives
where γ E is the Euler-Mascheroni constant, and
These expressions are accurate at O ( ) (and therefore we can disregard the time variation of H during inflation in them). By inserting the expression (42) for F 0 into (47), we see that the mass contribution δ m can be chosen so that the spectral tilt (47) matches the observed result (2) at the given CMB pivot scale. On the other hand, the running α s is independent of δ m and O m 2 /H 2 , hence first order in slow-roll since the ratio m 2 /H 2 needs not to be small in our scenario. This implies, as anticipated, that α s can be much larger than the typical values obtained in inflationary set-ups. Notice that α s as given in eq. (48) is positive for a positive value of m 2 . This implies that the amplitude of the perturbations at the very small scales that left the horizon towards to end of inflation can be much larger than that observed at COBE scales. In particular, if or m 2 are so large that the amplitude of the power spectrum in the range P ζ ≥ 10 −2 at the end of inflation, then primordial black holes would be overproduced (see for example [35, 36] ).
Inserting in the parametrization (1), the central value n s − 1 = −0.0397 given in (2) , and the COBE normalization P ζ (k 0 ) 5 · 10 −5 2 , we see that P ζ = 10 −2 can be reached at the shortest scales produced during inflation (namely for k = e 60 k 0 ) if α s > ∼ 0.01. This can be used as a phenomenological limit on α s , and on the parameters m H and that lead to the result (48) obtained in this Section.
Note that the positivity of α s derives from the assumption that α is constant. In general, the relation (28) can be only approximate, in which case α will acquire a weak time dependence. This in turn would lead to a model dependent modification of the results of the previous section, whose analysis goes behind the scope of the present paper. It is nevertheless worth mentioning that, if we allow the parameter α to acquire a slow-roll suppressed time dependence, then the running α s will acquire a more general expression, which can be of either sign.
V. AN EXPLICIT REALIZATION
In this Section we present an explicit model with an action of the form (27) , providing an existence proof of our mechanism that is minimal in matter content.
We consider a complex scalar Φ carrying a global U (1) and with a nontrivial kinetic term. We assume that some dynamics breaks the U (1) while preserving a Z 2 symmetry. As a consequence the Lagrangian of the system reads
If we decompose the complex field Φ into a radial and an angular part Φ = ρ e iθ , and we consider |θ| 1 so that it is close to the minimum of its potential, we obtain a Lagrangian analogous to that of (27) :
(50) Since the mechanism described in the previous sections requires the coefficient of the kinetic term of the curvaton to vary rapidly during inflation, we assume that inflation takes place near some point ρ = ρ 0 where the function f (ρ) is singular, and we approximate
where ρ 0 > 0. Then the canonically normalized inflaton reads
where we have chosen the branch ρ > ρ 0 to make sure that the kinetic term for θ, that is proportional to ρ 2 , does not cross zero. In terms of φ, the Lagrangian reads
and we will be interested in the region where φ/ρ 0 is large and negative (corresponding to ρ → ρ + 0 ), so that the coefficient of the kinetic term for θ is rapidly running during inflation. Now, if V is a generic function of ρ, the potential will be too steep to support inflation. In order to obtain inflation we choose the (tuned) form
with δ a positive number much smaller than unity. Then the potential in terms of φ becomes
Namely, we obtain power law inflation in an exponential potential [37] , 9 characterized by the constant slow-roll
, and by the analytic solution
Strictly speaking, inflation never ends in an exact exponential potential, so we assume that the potential is modified at some value φ end −ρ 0 (namely, very close to the pole of (54)), where inflation ends. In the regime φ −ρ 0 , the curvaton Lagrangian reads
with σ normalized in such a way that N = 1 at the end of inflation. Using eq. (28) we can see that
9 Incidentally we point out that, while power law inflation [37] , under the assumption that the inflaton is responsible for the observed perturbations, is now ruled out [7] , this model is still viable under the curvaton hypothesis that we are making here.
and, despite the slow-roll suppression, α can be large (corresponding to large µ/H) for sufficiently large M p /ρ 0 . To conclude, let us verify two assumptions that we have imposed to obtain this result. To retain only the quadratic term in θ in eq. (50), the assumption |θ| 1 was made. Using eqs. (10), (16) , and (57), we have
and, due to the strong exponential suppression (recall that φ −ρ 0 ), the condition θ 1 is easily met. Secondly, as we have discussed in Section III, the condition (36) must be imposed. For the present model, this condition translates into 3/2 Mp ρ0
, which can easily be satisfied even for α 1. Before concluding this section let us point out that a kinetic term for the curvaton of the form appearing in the action (27) naturally emerges in models of supergravity with a Kähler potential of the form (in units of M P = 1)
with κ a positive constant. In this case, in fact, if we denote by φ the canonically normalized real component of the field T , the imaginary part σ of T gets a kinetic term ∝ e −2 √ 2/κ φ (∂σ) 2 . Our mechanism will then be at work in situations where a mass term for σ is also multiplied by a similar factor ∼ e −2 √ 2/κ φ . Finally, one more construction leading to an action of the form (27) can be realized in models with extra dimensions. Consider a model in which the size of the extra dimension(s) plays the role of the inflaton φ, while the curvaton σ is a bulk field. It is simple to check explicitly that if the kinetic term for the scalar field σ is localized on the brane, whereas the operator controlling its mass m lives in the bulk, then the low energy effective Lagrangian has the form (27) .
VI. A CHANGE OF FRAME
In the previous Sections we considered realizations of a two-field system for which the curvaton Lagrangian is multiplied by a suitable function of the inflaton. In this Section, we take another point of view, and ask whether a suitable coordinate transformation provides a second perspective on the effects of N as a pure function of time -without interpreting it as function of the inflaton field. We start with action (8) , with N given in eq. (9), and use the time variable ω, related to the physical time t by d ω = d t/N 2 (t). The resulting action describes a scalar field with time dependent speed of sound and time dependent mass
Let us specify the discussion to de Sitter space, with the scale factor a(t) = e Ht . Then the relation between the two time variables is
with ω 0 an arbitrary integration constant. Notice that when α → 0, one correctly finds t → ω. When choosing ω 0 = −1/(2αH), the scale factor appearing in the metric ds 2 = −dω 2 + a 2 (ω) d x 2 reads, as a function of ω, a(ω) = (−2 e α H ω)
Hence the underlying geometry is no more de Sitter space, but power-law expansion. In this frame, we learn that our results can also be obtained by means of a scalar field embedded in a FRW space-time with power-law expansion, provided that the scalar mass and sound speed vary appropriately with time. This example is related to and generalizes the results of [38] . While in that work a scale invariant spectrum was obtained in a Universe with arbitrary power-law expansion for a degree of freedom with time dependent speed of sound and zero mass (modeled as a fluid with constant equation of state), in this section we have shown that our system is analogous to that of [38] with the addition of a nontrivially evolving mass for the scalar.
VII. CONCLUSIONS
The calculation of the mass spectrum of a model of inflation can be misleading when performed on a timeindependent background. In the present work we have shown that a field whose mass m, when computed on a static background, is comparable to or larger than V /3 M 2 P , can still acquire a scale invariant spectrum of perturbations, provided its Lagrangian is multiplied by a suitably time-dependent function. This is achieved via the relation (12) , that represents a generalization of the fine-tuning to very small values of the mass of the curvaton. As we have discussed in Sections III and IV, this can be achieved in a self consistent way and without conflicting with observations provided the parameters of the model are such that the fluctuations in the inflaton are much smaller than those in the curvaton, eq. (36). In Section IV we shown that our mechanism leads a distinctive feature that can be tested by future observations, namely a large running of the spectral index α s , proportional to the first power of slow-roll parameters, hence of a size comparable to n s − 1. Indeed, the leading contribution to this parameter is α s ∝ m 2 /H 2 , where as usual parameterizes the time dependence of the Hubble parameter during inflation. In standard inflationary scenarios, m 2 /H 2 is small (being associated to the slow-roll parameter η) while in our case it can be of order one or more, making α s large but still compatible with current observations that do not exclude a large value for this quantity.
A kinetic term with the structure of (27) appears for instance when the inflaton φ measures the volume spanned, in field space, by σ. This is apparent in the example of Section V, where the inflaton is related to the radial component and the curvaton to the angular component of a complex field. Hence, an almost scale invariant spectrum of perturbations and small non-Gaussianity can be a manifestation of particular interactions among the fields producing inflation and generating the density perturbations. This approach might be useful to generalize the question of naturalness of inflationary constructions by allowing a large mass for the fields involved in sourcing primordial curvature fluctuations, provided the coupling between inflaton and curvaton is appropriately tuned. Moreover, such scenario can be tested and possibly corroborated if future observations will favor higherthan-expected values for the running of the spectral index α s .
The interaction (A4) corresponds to a mass insertion, and it is proportional to the curvaton vev C ∝ γ (see eq. (25)). The first correction to the two point function of δχ is obtained by taking two such interactions terms in (A3). This corresponds a Feynman diagram with an external δχ mode, which is 'converted' into a v mode by a mass insertion, which is then converted back to a δχ mode by a second mass insertion. The corresponding correction is ∆ δχ k1 δχ k2 (τ ) = 16α 4 C
